An all-fiber source of pulsed twin beams at telecom band for quantum communication 
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Motivated by the pursuit of a simple system to produce non-classical light sources for long- 
distance quantum communication, we generate for the first time an all-fiber source of pulsed twin 
beams in 1550 nm band by using a high gain fiber optical parametric amplifier. The noise of intensity 
difference of the twin beams is below the shot noise limit by 3.1 dB (10.4 dB after correction for 
losses). A detailed study reveals a number of limiting factors for higher noise reduction. Therefore, 
further noise reduction will be feasible once care is taken for these limiting factors. 
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Robust and reliable quantum light sources are essen- 
tial for large scale quantum information processing and 
quantum communication. The establishment of a quan- 
tum network requires long distance quantum communi- 
cation with low loss. This restricts the operation wave- 
length at telecom band around 1550 nm. In quantum 
communication, information can be encoded discretely 
on each photon or continuously in the quadrature-phase 
amplitudes of an optical field [H 0] ■ The former requires 
single-photon sources that can be generated with weak 
nonlinear interaction, and there has been a great amount 
of work in this area [3| . The latter relies on strong quan- 
tum correlation between the amplitudes of optical fields 
for entanglement @, 0|- However, comparing with its dis- 
crete variable counterparts 043 , the efficient methods for 
generating continuous variable (CV) nonclassical light at 
telecom band need to be enriched [1, [j| . 

The x 1 ' 2 ' crystal based high gain optical parametric 
amplifier (OPA) is an efficient method for generating the 
CV nonclassical light. Optical cavities are usually em- 
ployed for the enhancement of nonlinear interaction in 
continuous wave (CW) operation fiol- 13|. which leads 
to not only complication in design and reduction in sta- 
bility but also limited bandwidth. Another approach to 
enhance the nonlinearity is to use pulsed lasers a s pump 
for OPA due to the available high peak power [14l4l8|. 
Experimental systems based on the pulse pumped single- 
pass OPA are usually simpler than those with cavities 
but the measured levels of quantum-noise reduction fall 
short of those in CW cases, particularly for the case of 
ultrashort pump pulses 0,0,0 [3 due to a lack of un- 
derstanding about spectral properties of the systems . 

Recently, four-wave mixing (FWM) based on the x^ 3 ^ 
nonlinearity in atoms or fibers was used to generate non- 
classical light as well [9j, l20j. The fiber systems, besides 
the wavelength match for telecom band and long inter- 
action distance, has an obvious advantage over other 
approaches — free from alignment. Hence, a fiber 
based system is more stable and integrable. Indeed, 
recent years have seen the growing interest in gener- 



ating nonclassical light via the pulse pumped FWM in 
fibers [l,[2l|,[22j]. But so far, the FWM in fibers is in the 
low gain regime, where the noise reduction was less than 
3 dB (even after correction for losses) @. For the high 
gain fiber optical parametric amplifiers (FOPA), the CW 
or quasi-CW pumped cases have been extensively stud- 
ied [23rl25J , but the investigation of pulse pumped case 
is mostly on classical characteristics [23j. 

In this letter, using a high gain FOPA realized by 
pumping 300 m long dispersion shifted fiber (DSF) with 
a mode-locked fiber laser, we demonstrate a compact and 
robust all-fiber source of pulsed twin beams. The ampli- 
fied signal and generated idler twin beams bear strong 
quantum correlation in intensity (photon-number) fluc- 
tuations, and the quantum noise level of their intensity 
difference is below the shot-noise limit (SNL) by 3.1 dB 
(10.4 dB after correction for losses). To the best of our 
knowledge, this is the highest quantum noise reduction 
obtained in a FOPA. Our source is not only capable of im- 
plementing quantum communication protocols in a quan- 
tum network within the current fiber network, but also 
suitable for the applications in high precision measure- 
ment, generation of continuous variable entanglement 
and quantum key distribution etc. @, 0, 0, S-El- 

It should be noted that noise reduction via quasi-CW 
pumped near-degenerate FWM and via Kerr nonlinearity 
induced intensity dependent refractive index in fiber [29l — 
[3ll | were achieved before but are limited mainly by the 
guided acoustic wave Brillouin scattering (GAWBS) pjjj ]. 
In our experiment, however, the large detuning between 
signal (idler) and pump beams (about 2 THz), which 
is much greater than the frequency range of GAWBS, 
effectively eliminates the influence of GAWBS. 

Our experimental setup is shown in Fig.l. The non- 
degenerate signal and idler twin beams are created in 
300 m DSF via FWM by a strong pump pulse via x^ 3 ) 
nonlinear interaction with a seeded signal injection. For 
the sake of convenience, we respectively label the beams 
having longer and shorter wavelengths as the signal and 
idler beams. A 90/10 fiber coupler is used to couple 90% 



2 



(a) FOPA 
. F1 rY?S 1 Pum P in 

" "^XP) 

j^^S 90/10 \f J 

Qinnol in 



\ EDFA FPB! 

%.mn n f 2 nm ^ 91 

FPC2 FPC3 S|gna| 





Fiber 


'Grating 


Laser 



VOA 


Signal 


Differential 


Idler 


Detector 








Output 
(b) 



FIG. 1: (Color online) (a) Experimental setup. M, mirror; 
FPC, fiber polarization controller; FPBS, fiber polarization 
beam splitter; VOA, variable optical attenuator; ESA, elec- 
tronic spectrum analyzer, (b) The circuit of differential detec- 
tor. PD, photodiodes; LPF, low pass filter; A, ampere-meters. 
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FIG. 2: (Color online) (a) Noise level of the difference pho- 
tocurrents for twin beams Alf and corresponding SNL A/f . 
(b) The noise reduction Rt = A/f/A/^ versus the seeded 
parametric gain g for different injection power Ii n . 



of pump and 10% of signal pulses into the DSF. We create 
the pump and seeded signal pulses by taking the 40 MHz 
train of 150-fs pulses centering at 1560 nm from a mode- 
locked fiber laser, dispersing them with a grating and 
then spectrally filtering them to obtain two synchronous 
beams with a tunable wavelength separation of about 
15-20 nm. This arrangement gives 4 ps pump pulses and 
3 ps signal pulses, whose full width at half-maximum 
(FWHM) are about 0.9 and 1.2 nm, respectively. 

To achieve the required pump power, the pump 
pulses are amplified by an erbium-doped fiber amplifier 
(EDFA), and further cleaned up spectrally with a band- 
pass filter Fl having FWHM of about 0.9 or 0.5 nm. The 
polarization and power of the pump are controlled by a 
fiber polarization controller (FPC1) and a fiber polariza- 
tion beam splitter (FPBS1). The central wavelength of 
pump is tuned to 1552.5 nm. Thus, for the DSF having 
zero dispersion wavelength (ZDW) of ~1551 nm at the 
room temperature (300 K), the co-polarized FWM with 
a broad gain bandwidth is phase matched. For the in- 
put signal centering at 1569.8 nm, the intensity of signal 
seeded into DSF, I in , is adjusted by using FPC2. The 
gain of FWM is maximized by matching the optical paths 
traversed by the input pump and signal pulses and tuning 
polarization of input signal with FPC3. 

For an efficient collection of the generated signal and 
idler fields and their separation from the pump field, 
a four-channel coarse wavelength division multiplexer 
(CWDM) filter is placed after the DSF [H]. The central 
wavelengthes of the CWDM filter are 1511, 1531, 1551, 
and 1571 nm, respectively. For each channel, the trans- 
mission efficiency at the central wavelength is ~80%, the 
one-dB bandwidth is about 16 nm, which is 12 times 
broader than that of the input signal, and the isolation 
to the adjacent channels is ~ 40 dB. 

The signal and idler fields separated by the CWDM are 
directed to a differential detector system with the signal 
field passing through a variable optical attenuator (VOA) 
for the balance of the noise levels of the photocurrents 
from the signal and idler fields pjij . As shown in Fig. 
1(b), the differential detection system is comprised of 



two photodiodes (OSI-InGaAs300), PD1 and PD2, with 
almost identical performances. The DC photocurrent of 
PD1 (PD2), i\ (12), is monitored by an ampere-meter Al 
(A2). The high frequency photocurrents coupled to a 50- 
fl resistor with a 6:1 transformer is passed through a low- 
pass filter to reject the repetition beat signal of the fiber 
laser, and then amplified by a low- noise electronic ampli- 
fier, whose output is fed to an electronic spectral analyzer 
(ESA). The circuit allows one to measure the fluctuations 
of the difference of the photocurrents in ESA at a detec- 
tion frequency of 3 MHz and a resolution bandwidth of 
100 kHz. In our experiment, the maximized total detec- 
tion efficiencies for signal and idler beams are about 55% 
and 58%, respectively. 

Figure 2(a) shows the result of a typical measurement 
of the SNL AI% an d the noise level Alf of difference pho- 
tocurrents of the signal and idler fields when the injected 
signal intensity is Ij n = 2/xVF, the average pump power is 
1.7 mW, and FWHM of pump is 0.9 nm. A directly mea- 
sured quantum noise reduction of Rt = Alf/AI^ ~ 1.7 
dB is obtained from Fig. 2(a). After correcting electronic 
noise of the instrumentation (trace (iii)), the result of Rt 
is 2.6 ± 0.2 dB. The SNL is calibrated by illuminating 
the PDs with two beams derived from the fiber laser and 
using a VOA to match the DC current sum i\ + %i of the 
PDs with those for twin beams. We notice that the pump 
and input signal have excess noise above SNL because of 
the noise from the fiber laser. So the SNL is obtained 
by using a balanced homodyne detection technique to 
eliminate the excess noise [35j. 

In order to investigate the performance of the system 
and the limiting factors for quantum noise reduction, we 
first measure Rt of twin beams versus the seeded para- 
metric gain g = I s /Iin for /,„ = 2, 5, 15 fiW, respectively, 
as shown in Fig. 2(b). I s and 7j n are the output and in- 
put signal intensities of our FOPA. The gain g is adjusted 
by varying the pump power. Each data point is obtained 
by slightly varying the efficiency of the signal beam via 
VOA to maximize the observed noise reduction and by 
subtracting the electronic noise of the instrumentation. 
Figure 2(b) clearly shows that Rt falls below the SNL 
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FIG. 3: (Color online) (a) The noise level of individual signal 
and idler beams Rj (j = s, i) relative to SNL versus g for 
I in — 2 (diamonds), Ii n = 5 (squares), and Ii n = 15 /zW 
(triangles) . (b) The parametric gain g versus the pump power. 



for some ranges of gain and injected power, indicating 
the existence of quantum noise correlation between the 
signal and idler beams. For each set of data, the chang- 
ing tendency of Rt is similar: with the increase of g, the 
graph presents a descending curve in the beginning, then 
starts to ascend when R t reaches the minimum at a cer- 
tain turning point of g. With the decrease of the 
minimum R t decreases, and the corresponding turning 
point of g increases. So there are some detrimental ef- 
fects at high injection and high pump power that limit 
the amount of noise reduction. 

First of all, the reason for the increase of Rt with the 
injected power is straightforward: as we mentioned ear- 
lier, the injected signal beam originated from fiber laser is 
not shot-noise limited. Such excess noise increases with 
the power and lifts up the level of R t . Notice that for 
the injection power of 15 fiW, whose intensity noise is 
~ 12 dB above SNL, the measured R t is above SNL in 
the low gain regime (g < 7) , because the quantum corre- 
lation between the signal and idler beams created at low 
gain FWM is not strong enough to bring the subtracted 
noise down below SNL. This is different from the result in 
Ref . @ , in which the laser system was shot noise limited 
and R t was below SNL for g < 3. 

To understand the rise of Rt at high gain, we measure 
the noise levels R s , Ri in reference to SNL of individual 
signal and idler beams as a function of the gain when the 
detection efficiencies of the two beams are adjusted to be 
equal, as shown in Fig. 3(a) where the solid filled data 
points are for signal beam and the hollow data points are 
for idler beam. Comparing Figs. 2(b) and 3(a), we find 
that when g is in the vicinity of the turning points in Fig. 
2(b), within which the minimum R t is observable, R s and 
Ri in Fig. 3(a) are about the same; when g is less than 
the turning point, the values of both R s and Ri increase 
with g, and the noise of the generated idler beam Ri 
(hollow points) is higher than that of the amplified signal 
beam R s (solid points) , which agree with the theoretical 
result obtained by neglecting the pump depletion (33j |. 
However, when g is greater than the turning point, the 
values of both R s and Ri decrease with g, particularly, for 
Ii n at a higher power. We think this is caused by the gain 
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FIG. 4: (Color online) Spectra of the output of FOPA for (a) 
I in = 2 and (b) I in — 5 fiW, respectively. 



saturation [36J. Therefore, the results in Figs. 2(b) and 
3(a) indicate gain saturation will degrade the correlation 
between signal and idler beams, which prevent Rt from 
further reduction. 

To confirm the argument above more directly, we look 
at the classical parametric gain of the FOPA as a func- 
tion of the pump power for different injected signal pow- 
ers in Fig. 3(b). If there were no saturation, g would 
be independent of Ii n , but Fig. 3(b) shows that for a 
certain pump power, g decreases with the increase of Ii n , 
particularly in the high gain regime. We next character- 
ize the temporal mode of twin beams by measuring their 
pulse duration and time-bandwidth product (TBP). The 
results show the pulse duration of both the signal and 
idler beams decreases with the increase of g; the TBP 
of signal, about transform limited, does not vary with 
g, but the TBP of idler beam increases with g because 
the chirps induced by dispersion of DSF and cross phase 
modulation of pump in idler band can not cancel out (3tJ ■ 
Therefore, we think the reasons responsible for the gain 
saturation are: (i) the depletion of pump power, and (ii) 
the decrease of temporal overlap between the pump and 
twin beams due to the increased TBP of idler beam and 
group velocity walk-off. 

Since gain saturation can be mitigated by lengthening 
the pulse duration to improve the temporal mode match- 
ing, we repeat the above measurements by passing the 
pump through a filter (Fl) with an FWHM of about 0.5 
nm. In this case, the difference in the gains for Jj n with 
different intensity obtained under a certain pump power 
is less obvious than that in Fig. 3(b). Accordingly, the 
measurement of quantum noise fluctuation shows that 
for a certain Jj n , the turning point of g is greater than 
that in Figs. 2(b) and 3(a) due to the mitigatory gain 
saturation. However, in contrast to the theoretical pre- 
diction [33j , Rt measured for a certain 7j n and g is always 
higher than that in Fig. 2(b). 

To figure out why the measured noise reduction R t 
becomes worse for pump with a narrower FWHM, we 
then analyze the intensity of high-order FWM by taking 
the CWDM out and directly sending the output of DSF 
into an optical spectrum analyzer. As shown in Fig. 4, 
the intensity of high-order FWM, which increases with g 
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FIG. 5: (Color online) (a) The ratio of the DC currents ii/«2 
versus g. (b) The ratio £ = (I s — Ii n )/Ii versus g. 



FIG. 6: (Color online) (a) Rt and (b) Rj (j = s,i) versus g 
for injection power Ii n = 2 fiW with the DSF at 77 K. 



and Iin, is more than 30 dB less than that the first order 
FWM. However, comparing with the results obtain for 
pump with FWHM of 0.9 nm, the intensity of high-order 
FWM is slightly enhanced. For instance, for the case of 
g = 20 obtained by using the pump with FWHM of 0.9 
nm and signal with — 2 fiW, the ratio between the 
intensity of second-order and first-order FWMs is about 
2 dB less than that in Fig. 4(a). Therefore, we think the 
increased high-order FWM will prevent Rt from further 
decreasing, although its intensity is still very weak. 

In order to accurately evaluate the detection efficien- 
cies of signal and idler beams, during data taking for Fig. 
2(b), the DC currents of the two PDs, i\ and are also 
recorded, and the ratio ii/i^ versus g is shown in Fig. 
5(a). Comparing Figs. 2(a) and 5(a), we find the mini- 
mum R t is observed under the condition of «i/«2 ~ 1-01, 
which is very close to ideal condition ix/iz — 1 for elim- 
inatin g si de effect induced by the excess noise of input 
signal [33[. Moreover, it is worth noting that for an ideal 
FOPA, we should have Is ~ Iin = 1 (the unit of I s (j) and 
Ii n is photon number), where U denotes the intensity of 
idler beam, and I a u) are corrected by the detection effi- 
ciencies of signal and idler beams. However, we find the 
relation (I s — Ii n )/Ii = 1 is not satisfied in our experi- 
ment. To illustrate this phenomena clearly, we plot the 
ratio £ = (I s — Ii n )/Ii versus g in Fig. 5(b), showing the 
photon number asymmetry between the amplified signal 
and idler beams. Obviously, we have £ > 1 for all the gain 
values. Moreover, in the low gain regime, the changing 
trend for each set of data is similar: the ratio £ decreases 
with <?; in the high gain regime, the variation of £ is not 
evident, however, the value of £ will start to increase 
when the gain saturation becomes distinct. We believe 
the observed asymmetry of photon number is cause d by 
the parasitical Raman effect and gain saturation 38|, |39| . 

To mitigate the influence of Raman effect, we measure 
Rt versus g by immersing the 300 m DSF in liquid nitro- 
gen (77 K). In this case, the cooling induced loss is less 
than 2%, and the ZDW of DSF is about 3 nm shorter 
than that at 300 K. To ensure the gain bandwidth of 
FWM is about the same as that at 300 K, we accord- 
ingly adjust the central wavelengths of pump to 1549 nm. 
During the measurement, the FWHM of pump is 0.9 nm, 
Ii n is 2 /iW, and the detuning between signal and pump 



beam does not change. We find that the classical gain 
character of the FOPA is the same as that at 300 K, but 
the quantum noise fluctuation of twin beams changes. As 
shown in Fig. 6(a), for a certain g, Rt obtained at 77 K 
is smaller than that in Fig. 2(b). When g is about 56, 
R t falls below the SNL by 3.1 dB. If we correct the mea- 
sured Rt by the detection efficiencies, which are 53% and 
57% for signal and idler beams, respectively, R t would 
be 10.4 dB. Moreover, from Fig. 6(b), we find that for a 
certain g, the measured Rj (j = s,i) of individual beam 
is less than that in Fig. 3(a) because the noise induced 
by Raman scattering is suppressed [24 |. 

Our experimental investigation shows that the fun- 
damental factors limiting the noise reduction of twin 
beams are: (i) the noise of seeded signal, (ii) gain sat- 
uration, and (iii) parasitical nonlinear effects, including 
high-order FWM and Raman effect. The first and sec- 
ond factors can be respectively suppressed by suppressing 
the noise of laser system and lowering the power of Ii n , 
while the third factor can be avoided by engineering the 
phase matching of FOPA so that the gain bandwidth of 
FWM is narrow and the detuning of pump-signal is large 
enough 22, 4(|. On the other hand, the practical issues 
affecting the measured Rt are the collection and detec- 
tion efficiencies. Apart from using CWDM filters and 
PDs with better performance, the observed amount and 
bandwidth of noise reduction can be further improved by 
optimizing the electrical gain of PDs and by increasing 
the response bandwidth detection system. 

In conclusion, we have developed a compact and inte- 
grable all-fibre source of pulsed twin beams. When the 
seeded parametric gain is about 56, the noise of inten- 
sity difference of the twin beams drops below the SNL 
by 3.1 dB (10.4 dB when corrected for losses). Thorough 
analysis reveals that even higher noise reduction will be 
feasible. Our investigation shows that a pulse pumped 
high gain FOPA provides a new means of generating the 
CV nonclassical light with a simple system. 
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